Introduction
============

Spinal metastasis means a malignant tumor originating outside of the bone metastasized to the spine through blood circulation or lymphatic circulation. Approximately 60% of malignant tumors occur as bone metastasis, of which approximately 50% have spinal metastasis, such as breast cancer, lung cancer and prostatic cancer [@B1], [@B2]. More than 70% of end-stage cancer patients had spinal metastasis, as assessed by autopsies [@B2]. Spinal metastasis may cause serious consequences such as pathologic fracture, severe pain, and spinal cord compression, which seriously affect the patient\'s quality of life and shorten the patient\'s lifetime.

However, even in highly malignant primary tumors, therapeutic effects have improved significantly compared with the past, and the prognosis of low or moderate malignant primary tumors is even better, such as a survival rate of breast cancer as high as 90%, which has significantly prolonged survival time [@B3]. Breast cancer is the most common cancer in women, and with the aging population and dietary changes, the incidence of breast cancer is increasing year by year [@B4], [@B5]. The metastasis of breast cancer is the leading cause of death and thus always a research focus. The most common metastatic target of breast cancer is bone [@B6], and in clinical settings, we find that spinal metastasis is most frequent [@B7], [@B8]. Therefore, early detection and treatment of breast cancer metastasizing to the spine has represented a challenge for both clinicians and researchers.

CX3CL1, also known as Fractalkine or Neurotactin, has two forms: the membrane-attached form and the shed form [@B9]. The membrane-attached CX3CL1 form mediates firm adhesion of CX3CR1-expressing cells (the only receptor for CX3CL1) to the endothelial cells, and the soluble CX3CL1 form recruits CX3CR1-expressing cells in physiological and pathological processes[@B9], [@B10]. Early research found that the CX3CL1/CX3CR1 axis recruited leukocytes, induced angiogenesis, and mediated communication between neurons and glial cells in the central nervous system [@B9], [@B11], [@B12]. However, recent research has demonstrated that the CX3CL1/CX3CR1 axis is involved in the survival, adhesion, and migration of malignant tumor cells, including breast cancer [@B13], [@B14]. In our previous research, we first demonstrated that CX3CL1 was associated with the process of spinal metastases from different malignant primary tumors, including breast cancer [@B15]. Unfortunately, the molecular mechanism of breast cancer metastasizing to the spine still remains poorly understood.

In this study, we confirmed that CX3CR1 was expressed by human breast cancer cell lines and specimens of spinal metastasis. Then, we investigated the role of CX3CL1 in the proliferation and movement of breast cancer cells. Furthermore, the molecular mechanism behind the metastatic process was also investigated.

Materials and Methods
=====================

Patients and tissue specimens
-----------------------------

The patient samples used in this study were all collected from Zhongshan Hospital and included three groups: spinal metastatic breast cancer group, normal spinal cancellous bone group and normal limb cancellous bone group (Table [1](#T1){ref-type="table"}). The spinal metastatic breast cancer group consisted of 8 patients who had undergone surgery and whose pathological diagnosis was confirmed by a pathologist. The normal spinal cancellous bone group was 6 patients who received non-tumor spinal surgery. The normal limb cancellous bone group included 6 patients who received joint surgery. The serum was collected before surgery. Informed consent was given and signed by each patient involved in this study before surgery. All procedures were approved by the Ethics Committee of the Zhongshan Hospital and complied with relevant regulation.

Cell lines and cell culture
---------------------------

The human breast cancer cell lines MCF-7, Bcap-37, MDA-MB-231, MDA-MB-468, and human mammary epithelial cell line MCF-10A were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). MCF-7, Bcap-37, and MDA-MB-231 were cultivated in Dulbecco\'s Modified Eagle Medium (DMEM) (Gibco, MD, USA) containing 10% fetal bovine serum (FBS, Gibco, MD, USA). MDA-MB-468 cells were cultivated in Leibovitz\'s L-15 Medium (Gibco, MD, USA) containing 10% fetal bovine serum at 37°C in air without supplementary CO~2~. MCF-10A cells were cultivated in mammary epithelial cell growth medium without serum.

Real-time polymerase chain reaction
-----------------------------------

Total RNA of cells and tissue samples was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Then, the RT reagent Kit with gDNA Eraser (Takara bio, Otsu, Japan) was used for reverse transcription. The real-time polymerase chain reaction was performed following the manufacturer\'s instruction (Takara bio, Otsu, Japan) using a thermocycler (Thermo-ABI 7500, Waltham, MA, USA). The following primers were used in this experiment: β-actin, forward: 5\'-CAACCGCGAGAAGATGACCC-3\'; reverse: 5\'-GAGGCGTACAGGGATAGCAC-3\'; CX3CR1, forward: 5\'-ACATCGTGGTCTTTGGGACT-3\'; reverse: 5\'-GACACTCTTGGGCTTCTTGC-3\'; and CX3CL1, forward: 5\'-CACCTTCTGCCATCTGACTGTC-3\'; reverse: 5\'-TGCCTGGTTCTGTTGATAGTGG-3. All primers were purchased from Sangon Biotech Co. Ltd. (Shanghai, China). The 2^-∆∆Ct^ method was used for relative quantification of each gene, and β-actin was used as an internal reference.

Western blot
------------

Cells were harvested at 90% confluence by lysis buffer containing phosphatase and protease inhibitor cocktails (Cell Signaling Technology, Danvers, MA, USA). For the tissue sample, the sample was ground with liquid nitrogen before homogenizing in lysis buffer. Then, the protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Following that, the proteins were transferred onto a polyvinylidene difluoride membrane (Millipore Corporation, Billerica, MA, USA). After blocking with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 1 h, the membrane was incubated overnight at 4°C with the primary antibody as follows: anti-CX3CL1 antibody (1:1000, Abcam, Cambridge, UK), anti-CX3CR1 antibody (1:1000, Abcam, Cambridge, UK), anti-GAPDH antibody (1:5000, Abbkine Inc., CA, USA), and anti-Tubulin antibody (1:5000, Beyotime Biotechnology Corporation, Shanghai, China). Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibody (1:5000, Abbkine Inc., CA, USA) were used to detect the primary antibody. The blots were detected using a chemiluminescence reagent (Millipore Corporation, Billerica, MA, USA).

For the CX3CL1-induced signaling, cells were stimulated with 50 nmol/L of CX3CL1 (PeproTech, New Jersey, USA) for indicated times (0, 5, 15, 30, 45, 60 minutes). In blocking experiments, cells were pre-treated with 10 nmol/L CX3CR1 antagonist (AZD8797, MedChemExpress, NJ, USA) or 1 μmol/L Src or/and FAK inhibitor (Bosutinib and PF-00562271; Selleck, Houston, TX, USA) for 1 hour before stimulation with 50 nmol/L CX3CL1 for 30 min. The proteins were blotted with monoclonal antibodies to the unphosphorylated and phosphorylated forms of Src (Src, 1:1000; p-Src, 1:1000) and FAK (FAK, 1:1000; p-FAK, 1:500) (Cell Signaling Technology, Danvers, MA, USA). An anti-GAPDH antibody (1:5000, Abbkine Inc., CA, USA) was used to recognizing GAPDH as the internal reference.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Arterial blood samples were collected before the operation. There were 6 samples from the spinal metastatic breast cancer group and another 6 from the normal control group. The samples were placed at room temperature to clot for 60 minutes before centrifugation for 15 minutes at 1000 × g. Then, serum samples were aliquoted and stored at -80°C until the experiments were performed. The concentration of CX3CL1 in serum was detected using an ELISA kit (R&D Systems, Minneapolis, MN, USA) according its protocol.

Cell proliferation assay
------------------------

Flow cytometry was used to assay cell proliferation. Anti-Ki67 (eBioscience, San Diego, CA, USA) was used for flow cytometry analysis. Intranuclear staining of Ki67 was performed according to the manufacturer\'s instructions. Fluorescence-activated cell sorting (FACS) analysis was performed on a CyAn ADP Analyzer (Beckman Coulter, CA, USA), and data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).

We also used CCK-8 kits to evaluate the effects of CX3CL1 on breast cancer cell proliferation. Cells were grown on a 96-well plate at 1×10^3^ cell density per well. After 24 h, the cells were stimulated with 50 nmol/L CX3CL1 in the experimental group. The cells incubated without CX3CL1 were used for the control group. After 1, 2, 3, and 4 days, 10 μl Cell Counting Kit-8 (CCK8; Dojindo, Tokyo, Honshu, Japan) reagent was added to the corresponding wells and incubated for another 2 h. Then, the optical density (OD) values at 450 nm were measured by a spectrophotometer.

Wound-healing assay
-------------------

Cells were seeded on a 6-well plate at 1×10^5^ cell density per well and cultured to 90% confluence. A horizontal wound was created, and then the images were captured. Cells were stimulated with 50 nmol/L of CX3CL1 for 24 h. The images at 24 h were also captured, and the migration areas from wound healing were measured and calculated.

In vitro migration and invasion assays
--------------------------------------

The 24-well Transwell chamber plates with 8-μm pores (Corning Co, USA) were used to perform the migration assay, and the chambers coated with Matrigel were used for the invasion assay. A total of 3×10^4^ cells for MDA-MB-231 or 5×10^4^ cells for MCF-7 in 100 μL serum-free medium were added into the upper chamber. The lower chambers were filled with 600 μL medium containing 1% serum that was mixed with or without 50 nmol/L CX3CL1 and equivalent CX3CL1 blocking antibody (Abcam, Cambridge, UK). For the inhibition assays, the cells in the upper chambers were treated with 1 μmol/L Src or/and FAK inhibitor (Bosutinib and PF-00562271; Selleck, Houston, TX, USA). After incubation at 37°C for 24 h, the residual cells in the upper chambers were carefully removed. The cells on the underside of the membranes were fixed with paraformaldehyde and stained with 0.1% crystal violet. Images were captured at 200× magnification. Three fields were randomly selected, and the number of cells was counted.

For the invasion assay, the upper chambers were coated with 100 μL Matrigel before seeding cells (6×10^4^ cells for MDA-MB-231, 10×10^4^ cells for MCF-7). The remaining steps were similar to those of the migration assay.

Statistical analysis
--------------------

All data were analyzed with GraphPad Prism software, version 6.0 (GraphPad Software Inc., San Diego, USA) and were expressed as the mean ± SD. One-way analysis of variance and Student\'s t-test were used to analyze the differences between groups. *P≤0.05* was considered statistically significant.

Results
=======

The expression of CX3CR1 and CX3CL1 in the tissue sample
--------------------------------------------------------

First, we found that CX3CR1 was highly expressed in tumor tissue by immunohistochemical staining (Supplementary Figure [1](#SM0){ref-type="supplementary-material"}). Then, we used RT-PCR and Western blot to detect the expression of CX3CR1 in tumor and para-tumor tissue at RNA and protein levels, respectively. The results of both methods showed that CX3CR1 was significantly more highly expressed in tumor than in para-tumor tissue (Fig. [1](#F1){ref-type="fig"}A). In terms of CX3CL1, it was a significantly differently expressed between normal spinal cancellous bone and limbs (Fig. [1](#F1){ref-type="fig"}B).

The concentrations of CX3CL1 in serum samples were detected by ELISA. The serum of healthy people contained a higher level of CX3CL1 than patients with spinal metastases from breast cancer, but the difference was not significant (Fig. [1](#F1){ref-type="fig"}C).

The expression of CX3CR1 and CX3CL1 in cell lines
-------------------------------------------------

However, CX3CR1 was not expressed at a high level in every breast cancer cell compared with the human mammary epithelial cell line MCF-10A. Interestingly, there was a difference between the RNA and protein levels in MDA-MB-231 cells, which were high in protein levels but low in RNA levels (Fig. [2](#F2){ref-type="fig"}A-B). We used Flow Cytometry to verify the results of western blot and the results were consistent (Supplementary Figure [3](#SM0){ref-type="supplementary-material"}).

Compared with MCF-10A cells, CX3CL1 is highly expressed in MDA-MB-468 cells, followed by MDA-MB-231 cells (Fig [2](#F2){ref-type="fig"}C-D).

CX3CL1 had no effects on breast cancer cell proliferation
---------------------------------------------------------

We first used flow cytometry to evaluate whether CX3CL1 has an impact on MDA-MB-231 cell proliferation. After 48 h stimulation with 50 nmol/L CX3CL1, cell proliferation was not promoted compared with the control group (Fig. [3](#F3){ref-type="fig"}A). Furthermore, the results of the CCK-8 assay revealed that different concentrations of CX3CL1 did not promote cell proliferation over 4 days (Fig. [3](#F3){ref-type="fig"}B).

We verified the result in MCF-7 cells by flow cytometry as well (Fig. [3](#F3){ref-type="fig"}C).

CX3CL1 promotes the migration and invasion abilities of CX3CR1-expressing cells
-------------------------------------------------------------------------------

Wound-healing and migration assays showed that MDA-MB-231 presented with superior migration ability when induced by CX3CL1 at a concentration of 50 nmol/L compared with the control group (Fig. [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}C top). However, this phenomenon can be blocked by CX3CL1-neutralizing antibody. Meanwhile, in terms of MCF-7 cells, which expressed minimal level of CX3CR1, CX3CL1 did not function (Fig. [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}D top).

The invasion ability was investigated using Matrigel. Similar to the migration assay, CX3CL1 significantly increased the invasion ability of MDA-MB-231 and was also blocked by neutralizing antibody (Fig. [4](#F4){ref-type="fig"}C bottom). Similarly, it did not function in MCF-7 cells (Fig. [4](#F4){ref-type="fig"}D bottom).

Additionally, when down-regulating CX3CR1 expression in MDA-MB-231 cells (Supplementary Figure [2](#SM0){ref-type="supplementary-material"}A-B), CX3CL1 did not stimulate cell migration (Fig [5](#F5){ref-type="fig"}A). And when overexpressing CX3CR1 expression in MCF-7 cells (Supplementary Figure [2](#SM0){ref-type="supplementary-material"}C-D), the number of migrated cells was significantly increased after stimulated by CX3CL1 (Fig [5](#F5){ref-type="fig"}B).

CX3CL1 induced chemotaxis of tumor cells via the Src/FAK signaling pathway in CX3CR1-expressing cells
-----------------------------------------------------------------------------------------------------

To demonstrate that CX3CL1 induced chemotaxis of tumor cells via the Src/FAK signaling pathway, we detected the phosphorylation of Src and FAK in cells stimulated with CX3CL1 for indicated times. The results showed that in MDA-MB-231 cells, the Src phosphorylation started 5 minutes after stimulation, peaked at 15 minutes, and continued through 60 minutes; FAK phosphorylation started at 5 minutes, peaked at 30 minutes, and then returned to baseline levels gradually (Fig. [6](#F6){ref-type="fig"}A). However, compared with 0 min, there was no significant increase in the phosphorylation levels of Src and FAK, and there was no significant correlation between phosphorylation levels of Src and FAK and time in MCF-7 cells (Fig. [6](#F6){ref-type="fig"}B).

When MDA-MB-231 cells were pretreated with the CX3CR1 antagonist AZD8797, the phosphorylation levels of Src and FAK were significantly decreased (Fig. [6](#F6){ref-type="fig"}C). Additionally, Bosutinib and PF-00562271 can suppress the phosphorylation level of Src and FAK induced by CX3CL1, especially using a combination of the two inhibitors (Fig. [6](#F6){ref-type="fig"}D). On the other hand, the results were further confirmed by migration assay. The migration index enhanced by CX3CL1 was dramatically reduced using Bosutinib and PF-00562271 (Fig. [6](#F6){ref-type="fig"}E).

Discussion
==========

CX3CL1 was detected in 1997 as a unique member of the CX3C family. Unlike other chemokines, CX3CL1 is a transmembrane glycoprotein containing 373 amino acids and a chemokine domain on the top of the mucin-like stalk [@B9]. This molecule exists in two forms: the membrane-attached form and the shed form. The soluble fragment of CX3CL1 is cleaved from the membrane-attached CX3CL1 under normal conditions. Previous studies showed that the CX3CL1/CX3CR1 axis regulated interaction between neurons and glial cells in the central nervous system and was implicated in glioma [@B11], [@B16]. As the research further developed, more and more studies have shown that CX3CR1 is expressed on multiple malignant tumor cells, and the CX3CL1/CX3CR1 axis was associated with tumor metastasis, including prostate cancer, renal cancer, gastric cancer, and breast cancer [@B13], [@B14], [@B17], [@B18]. Although several reports have demonstrated that CX3CL1 is involved in the metastatic process of a variety of malignant tumors, there have been few studies on the role of CX3CL1 in breast cancer metastasizing to the spine. The present study indicated that CX3CL1 may play a particular role in the process of breast cancer metastasizing to the spine. Our findings suggested that CX3CL1 could promote the chemotaxis ability of breast cancer cells by interacting with CX3CR1 via the Src/FAK signaling pathway.

We first investigated the expression of CX3CR1 in specimens from spinal metastatic breast cancer and para-tumor tissues, and the results of western blot, real-time PCR and immunohistochemistry all indicated that the expression level of CX3CR1 was higher in tumor tissue than in para-tumor tissue. Moreover, the expression level of CX3CL1 was higher in normal spinal cancellous bone than in limbs, which may indicate that the spine is a prior target for circulating breast cancer cells expressing CX3CR1 and explain why breast cancer is more likely to metastasize to the spine rather than limbs in clinical settings [@B7], [@B8]. However, these results have not yet been reported in the literature.

We also investigated the expression of CX3CR1 in different breast cancer cells at the RNA and protein levels. The results showed that the expression of CX3CR1 was different in each breast cancer cell at the RNA and protein levels. However, there was a difference between RNA and protein levels in MDA-MB-231 cells. This finding may be attributed to posttranscription or posttranslational regulation mechanisms, which means the amount of protein synthesis is not consistent with the amount of RNA in some cases [@B19]. Because MDA-MB-231 cells have a high expression of CX3CR1 at the protein level and are known as strongly bone-metastatic [@B20], [@B21], we selected them for the further study. Meanwhile, MCF-7 cells, which expressed minimal levels of CX3CR1, were selected as the comparison cells.

The effects of CX3CL1 on cell proliferation were detected by flow cytometry and CCK-8 assay. We found that CX3CL1 had no effects on proliferation of the two kinds of breast cancer cells. In agreement with our results, Yao X et al. found the same pattern in renal cancer cells [@B14]. However, Tardaguila et al. reported that CX3CL1 induced breast cancer cell T47D proliferation via transactivation of the EGF pathway [@B13]. This difference may be explained by the fact that even in the same tumor, different subtypes have different responses to the same stimulating factor, which is called tumor heterogeneity.

According to our results from cell proliferation, wound healing, in vitro migration and invasion assays, CX3CL1 promoted the migration and invasion abilities of MDA-MB-231 cells instead of enhancing growth properties. However, it did not function in MCF-7 cells, which have low expression of CX3CR1. These findings demonstrated that the chemotaxis process induced by CX3CL1 is dependent on the expression of a chemokine-matched receptor on cancer cells. Meanwhile, the neutralizing antibody of CX3CL1 can interfere with the migration process induced by CX3CL1. Coincidentally, Yao X et al. confirmed that CX3CL1 induced migration of renal cancer cells with CX3CR1 membrane expression [@B14]. In another study, Shulby SA et al. demonstrated that CX3CL1 was also involved in migration of human prostate cancer cells [@B17]. Therefore, we concluded that CX3CL1 may play an important role in the migration of various cancer cells.

To study the molecular mechanisms of CX3CL1 activation in breast cancer cells, MDA-MB-231 cells were stimulated with CX3CL1 for indicated times. Based on our observations, time-dependent phosphorylation of Src (Tyr 416) and FAK (Tyr576/577) was detected. Src is a non-receptor protein, tyrosine kinase, induced by many classes of cellular signal molecules and plays an important role in regulating numerous processes, including cell growth, differentiation, adhesion and the migration signaling pathway [@B22], [@B23]. Src activity is mediated by tyrosine phosphorylation at two sites, Tyr416 and Tyr527, which have opposite effects. When phosphorylation occurs at Tyr416, the enzyme activity is upregulated, which was observed in our study. However, phosphorylation at Tyr527 renders the enzyme less active [@B22]. It has been well studied that Src play important role in cell proliferation [@B24]. However, our study found that the activation of the Src pathway did not affect cell proliferation. Tsai et al reported that in MDA-MB-231 cells, cell proliferation had not been affected when Src signaling pathway was inhibited [@B25]. Two other researches even found that activation of the Src pathway could inhibit cell proliferation in colon cancer cells and endothelial cells [@B26], [@B27]. Therefore, we believed that the Src signaling pathway may exhibit a specific role in specific situations. Focal adhesion kinase (FAK) is another widely expressed non-receptor protein tyrosine kinase involved in regulating several biological processes, including cell spreading, proliferation, and migration [@B28], [@B29]. The activation of FAK requires auto-phosphorylation at Tyr397 via integrin clustering. Meanwhile, Tyr397 is also a high-affinity binding site for Src. Recruitment of Src family kinases then phosphorylate Tyr576/577 in the catalytic domain [@B30], [@B31]. Combined with our results, we suggest that CX3CL1 phosphorylates Src at Tyr416 via interaction with CX3CR1, and then phosphorylated Src phosphorylates FAK at Tyr576/577 by binding to FAK at Tyr397, thereby promoting cell migration. Additionally, CX3CR1 antagonist AZD8797 could inhibit the phosphorylation levels of Src and FAK. It is further proved that CX3CL1 needs to interact with CX3CR1 to function. Furthermore, this process also could be blocked by inhibitors of the Src and FAK pathway, Bosutinib and PF-00562271, respectively, especially using a combination of both inhibitors. Researchers have reported that these two inhibitors could block cell movement in some kinds of cancer as well, which is consistent with our results [@B32], [@B33]. Thus, Bosutinib and PF-00562271 may translate to clinical application for blocking cancer metastasis, but more experiments are needed to verify these findings.

Conclusion
==========

As far as we know, this is the first study suggesting that the CX3CL1/CX3CR1 axis is associated with the process of breast cancer metastasizing to the spine. In conclusion, CX3CL1 in spinal cancellous bone attracts CX3CR1-expressing tumor cells to the spine and enhances their migration and invasion abilities through the Src/FAK signaling pathway. Our results also suggest that Bosutinib and PF-00562271 have anti-metastasis potential.
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![The expression of CX3CR1 and CX3CL1 in the tissue sample and serum. (A) CX3CR1 was significantly more expressed in tumor than in para-tumor tissue at RNA and protein levels. P: Para-tumor, T: Tumor. (B) The expression level of CX3CL1 was higher in normal spinal cancellous bone than in limbs. (C) The concentrations of CX3CL1 in serum samples were detected by ELISA. The results were averaged from three independent experiments. SM: Spinal metastasis. \*: P\<0.05, \*\*P\< 0.01.](jcav09p3603g001){#F1}

![The expression of CX3CR1 and CX3CL1 in cell lines. (A-B) The expression of CX3CR1 in breast cancer cell lines at protein and RNA levels. (C-D) The expression of CX3CL1 in breast cancer cell lines at protein and RNA levels. The results were averaged from three independent experiments. \*\*P\< 0.01, \*\*\*\*P\< 0.0001.](jcav09p3603g002){#F2}

![CX3CL1 had no effects on breast cancer cell proliferation. (A) FACS analysis of Ki67 level in MDA-MB-231 stimulated with 50 nmol/L CX3CL1. (B) Proliferation rate of MDA-MB-231 cells stimulated with different concentrations of CX3CL1 assayed by CCK-8. (C) FACS analysis of Ki67 level in MCF-7 cells stimulated with different concentrations of CX3CL1. The results were averaged from three independent experiments.](jcav09p3603g003){#F3}

![CX3CL1 promotes the migration and invasion abilities of CX3CR1-expressing cells. (A) Wound healing assays of MDA-MB-231 cells and MCF-7 cells treated without (control) or with 50 nmol/L CX3CL1 and with neutralizing antibody. (B) The migration and invasion assays of MDA-MB-231 cells treated without (control) or with 50 nmol/L CX3CL1 and with neutralizing antibody. Scale bar = 200 μm. (C) The migration and invasion assays of MCF-7 cells treated without (control) or with 50 nmol/L CX3CL1 and with neutralizing antibody. Scale bar = 200 μm. The results were averaged from three independent experiments. \*P\< 0.05, \*\*P\< 0.01, \*\*\*P\< 0.001, \*\*\*\*P\< 0.0001.](jcav09p3603g004){#F4}

![Migration assays of MDA-MB-231 CX3CR1-knockdown (KD) cells and MCF-7 CX3CR1-overexpressing (OE) cells. (A) Migration assay of MDA-MB-231(KD) cells. (B) Migration assay of MCF-7(OE) cells. The results were averaged from three independent experiments. NC: Negative control, KD: knockdown, OE: Overexpress. \*\*\*P\< 0.001, \*\*\*\*P\< 0.0001.](jcav09p3603g005){#F5}

![CX3CL1 induced chemotaxis of tumor cells via the Src/FAK signaling pathway in CX3CR1-expressing cells**.** (A) Phosphorylation levels of Src and FAK of MDA-MB-231 cells after stimulated by CX3CL1 for indicated time. 0 min as control. (B) Phosphorylation levels of Src and FAK of MCF-7 cells after stimulated by CX3CL1 for indicated time. 0 min as control. (C) MDA-MB-231 cells were pretreated with the CX3CR1 antagonist AZD8797, and stimulated by CX3CL1 for 30 mins, the phosphorylation levels of Src and FAK were detected. CX3CL1-only group as control. (D) MDA-MB-231 cells were pretreated with the inhibitors of Src and FAK pathways, Bosutinib and PF-00562271, and stimulated by CX3CL1 for 30 mins, the phosphorylation levels of Src and FAK were detected. CX3CL1-only group as control. (E) The migration index enhanced by CX3CL1 was dramatic reduced using Bosutinib and PF-00562271. CX3CL1-only group as control. Scale bar = 200 μm. The experiments were repeated three times. \*P\< 0.05, \*\*P\< 0.01, \*\*\*P\< 0.001, \*\*\*\*P\< 0.0001.](jcav09p3603g006){#F6}

###### 

Clinical data of 20 patients

  ----------------------------------------- -- -------
  *Spinal metastatic breast cancer group*      
  No. of cases                                 8
  Age(years)                                   47.25
  Gender (M/F)                                 0/8
  Location of lesion                           
  Cervical vertebra                            2
  Thoracic vertebra                            5
  Lumbar vertebra                              1
                                               
  *Normal spinal cancellous bone group*        
  No. of cases                                 6
  Age(years)                                   58.3
  Gender (M/F)                                 2/4
  Diagnosis                                    
  Spinal fracture                              2
  Spinal degenerative diseases                 4
                                               
  *Normal limb cancellous bone group*          
  No. of cases                                 6
  Age(years)                                   74.0
  Gender (M/F)                                 2/4
  Diagnosis                                    
  Femoral neck fracture                        4
  Osteonecrosis of femoral head                1
  Knee osteoarthritis                          1
  ----------------------------------------- -- -------

M male, F female
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